The Si nanopillars with high aspect ratio were fabricated by dry-etching the thin SiO 2 -covered Si substrate with a rapidly self-assembled Ni nanodot patterned mask. Aspect-ratio-dependent ultra-low reflection and anomalous luminescence of Si nanopillars are analyzed for applications in all-Si based lighting and energy transferring systems. The Si nanopillars induce an ultra-low reflectance and refractive index of 0.88% and 1.12, respectively, at 435 nm due to the air/Si mixed structure and highly roughened surface. The reflectance can be <10% with a corresponding refractive index of <1.80 between 190 and 670 nm. Lengthening the Si nanopillars from 150 ± 15 to 230 ± 20 nm further results in a decreasing reflectance, corresponding to a reduction in refractive index by n/n = 18% in the visible and near-infrared wavelength region. After dry-etching an Si wafer into Si nanopillars, the weak blue-green luminescence with double consecutive peaks at 418-451 nm is attributed to the oxygen defect (O 2− )-induced radiation, which reveals less relevance with the ultra-low-reflective Si nanopillar surface.
Introduction
Over the past few decades, there has been enormous interest in synthesizing semiconductor nanostructures, in which the semiconductor nanorod array has shown its great potential for industrial applications in photonic crystals [1] , data storage [2] , field electron emitters [3] , nanoscale transistors [4, 5] and lightemitting devices [6] . In particular, Si rods, wires or pillars in nanometer scale of low-reflectivity have been comprehensively applied to most optical or photonic components such as semiconductor light-emitting diodes, optical lens system, 4 Author to whom any correspondence should be addressed. energy harvesting and transferring optoelectronics, etc. Traditional approaches for fabricating periodic Si nanopillars mainly rely on electron-beam (E-beam) lithography [1, [7] [8] [9] [10] , which provides accurate size and shape control. Papadimitriou has demonstrated the production of <10 nm Si nanopillar patterned by E-beam lithography [11] , however, which is impractical for large-scale fabrication by its low writing speed. Nowadays, noble metal (Au or Ag) based randomized nanodots have emerged as nanomasks to replace the E-beam lithography, and Ni has been considered as an alternative to the noble metals due to its cost-effectiveness and ease of formation features. Not long ago, Yoo et al [12] made use of an Ni nanodot mask to form high-aspect-ratio Si nanopillars with diameter and height of about 41 nm and 472 nm, respectively. The self-aggregation of an Ni nanodot from Ni film coated on an Si substrate usually takes up to 10 min at 700
• C in N 2 ambient [12] . This is mainly due to the large thermal conductivity of Si substrate, which reduces the thermal energy accumulating on the interface of Ni and Si. Nevertheless, the reported Ni nanodot density is too sparse to enhance the anti-reflection property of the formatted Si nanopillars. The relatively good adhesion at the Ni/Si interface could further slow down the self-aggregation of Ni nanodots [13] . Besides, such a long-term heating process inevitably leads to an unintentional diffusion or alloying of the coated metal into the Si substrate during self-assembly. To avoid the aforementioned problems, we have proposed the quick formation of Ni nanodots on the Si substrate covered with a thin SiO 2 , Si 3 N 4 [14] or TiN [15, 16] layer. The buffered oxide or nitride layer could prevent the formation of NiSi 2 [17] compounds and keep the thermal power concentrated on the Si surface. The Si nanopillars can be formatted by inductively coupled plasma reactive-ion etching (ICP-RIE) of the oxide-covered Si substrate with the mask of self-assembled Ni, Al [18] or Au [19] nanodots. In this work, the optimum ICP-RIE recipes for Si nanopillars with largest aspect ratio are demonstrated. The diameter and density of Si nanopillars or nanorods generated at the Si surface by the ICP-RIE process are characterized. The relationship between ultra-low reflection in the visible and near-infrared (vis-NIR) wavelength range in comparison with other dielectric materials and luminescence of Si nanopillars is investigated and elucidated.
Experimental details
The formation procedure of Si nanopillars on Si substrate is illustrated in figure 1 , which includes Si wafer cleaning, SiO 2 buffered layer deposition, thin film Ni evaporation, RTA for Ni nanodot assembly, ICP-RIE for Si nanopillars and wet-etching for metal/oxide removal. In more detail, the experimental parameters for optimizing the density of the Ni nanodot mask and improving the aspect ratio of Si nanopillars are listed as below. First of all, the standard cleaning process developed by the company Radio Corporation of America (RCA) is employed to clean the dusty particles and native oxide of a p-type [100] Si wafer. Si wafers are initially immersed in H 2 SO 4 , NH 4 OH, HCl and HF-based solutions to decompose the organic compounds, to get rid of microparticles, to remove alkaline-earth metal and to etch the residual oxide layer, respectively. Afterward, a SiO 2 buffered layer with thickness of 20 nm is deposited by plasma-enhanced chemical vapor deposition (PECVD) with the standard recipe. A 50 nm thick Ni film is evaporated on SiO 2 /Si substrate using an E-beam evaporating system with a deposition rate of 0.01 nm s −1 at an applied current of 70 mA. Subsequently, the RTA process at 850
• C from 20 to 120 s under N 2 flowing gas of 5 standard cubic centimeter minutes (sccm) is performed to assemble Ni nanodots on the SiO 2 /Si substrate. The morphology, dimension and density of Ni nanodots and Si nanopillars are estimated by scanning electron microscopy (SEM, Hitachi FE-SEM S-5000).
The ICP-RIE parameters for different Si nanopillar samples are listed and summarized in table 1. By using an Ni nanodot mask, the Si substrate is dry-etched in a planar 6 and Ar mixture used in earlier experiments. In general, CF 4 is the main gas for etching SiO 2 /Si, Ar helps to increase the vertical-etching potential, and O 2 is the mirror gas to accelerate the etching rate. Nevertheless, O 2 is removed from the recipe since it also causes weak oxygen bond and neutral oxygen vacancy defects in Si nanopillars. With the fine-tuning ICP-RIE parameters such as RF/DC power ratio and chamber pressure, Si nanopillars with shrinking diameters below 50 nm can be formatted. The buffered oxide etchant (BOE) was used to remove the Ni-nano-dot/SiO 2 mask layer originally coated over the Si nanopillars prior to our analysis. We characterize the variation on diameter and density of Si nanopillars by comparing different RF and DC power recipes of 100/50 W and 200/100 W with a constant RF/DC power ratio of 2. With corresponding etching time of 3 and 5 min, the optical properties of B and C samples with nearly the same high aspect ratio are compared. The reflectance and refractive index of Si nanopillar samples are measured by using a commercial laser ellipsometer (J A Woollam Co., VASE, 190-900 nm) and confirmed by another ellipsometer (J A Woollam Co., VUV-VASE, 190-1900 nm) covering UVvis-NIR wavelengths. The luminescence of Si nanopillar samples pumped by an He-Cd laser is characterized using a monochromator in conjunction with a cooled photomultiplier tube (PMT).
Results and discussions
To achieve ultra-low reflection, the most popular approach is depositing a multi-dielectric-layer-based anti-reflection coating on the desired samples. Nonetheless, the design on layer thickness and periods is material-independent for such a cost-ineffective technique. Some dielectric films further suffer heating problems due to their low threshold of thermal damage. Alternatively, the surface roughening technique has been applied to versatile solid-state lighting devices for replacing the conventional multi-layer dielectric coating. By taking the Si substrate as an example, the comparison on reflection spectra of the bulk, dielectric-layer-coated, and surface-roughened Si substrates are shown in figure 2 . As a result, the reflectance of the bulk Si substrate at <500 nm is dramatically decreased from 45-70% to 30-35% after coating with a single-layer SiO 2 film. In comparison, the full vis-NIR reflectance of the Si substrate is greatly reduced by a factor of 2-3 after 10 min plasma bombardment under O 2 /Ar flowing ratio of 1.25 and RF power of 4.93 W cm −2 . The reflectance is below 25% for full spectral range with a minimum of 10% at 400-500 nm. The plasma-induced roughening on the Si surface significantly contributes to a relatively low reflectance as compared to the bulk Si substrate. Surface roughening is indeed a potential candidate for anti-reflection since it effectively releases the concerned issues of damage threshold and adhesion between the dielectric coating and Si substrate. With the aid of nanotechnology, the surface nanoroughness achieved by growing or etching the randomized high-aspect-ratio Si nanopillars has been implemented for the anti-reflection approach. Particularly for Si-based solar cells, both the anti-reflection and hydrophobicity functions are considered to be achieved by roughening the device surface. To meet this demand, it is mandatory to realize how the aspect ratio of Si nanopillars affects the reflection of the Si substrate. The parametric tuning of the dry-etching process for controlling the aspect ratio of Si nanopillars has not yet clearly been understood. In the following sections, the aspectratio-dependent reflection and luminescence of Si nanopillars are elucidated in more detail.
Size and density characterization of rapidly self-assembled Ni nanodot mask
When reviewing the Si nanopillar formation procedure by dryetching an Si wafer with a metallic nanodot mask, it was found that self-aggregation of the evaporated Ni film on pure Si substrate can hardly be formatted without thermal processing over 10 min. Such a time-consuming step results from the difficulty in self-assembly of Ni nanodots by good adhesion between Ni and Si, which can be solved by depositing a thin SiO 2 layer between Ni and Si. A thin Ni film evaporated on SiO 2 film can easily be conglomerated during the RTA process, leading to a quick formation of Ni nanodots on the SiO 2 substrate. Except for decreasing the diameter of Ni nanodots by reducing Ni layer thickness, the thermal energy accumulated at the Ni/SiO 2 interface can be adjusted by annealing temperature and time [13, 14] . Beyond a critical annealing temperature of 850 • C, Ni and Si atoms could obtain sufficient power to form SiNi 2 compounds [17] . In contrast, the annealing time needs to be lengthened for congregating Ni nanodots under low temperatures. As shown in figure 3 , we compare the effect of the annealing durations on diameter and density of the self-assembled Ni nanodots. The diameter and density of Ni nanodots annealed at 850
• C for 30 s are 37 nm and 1.43 × 10 10 cm −2 , respectively. By shortening the RTA duration to 22 s, the shape of Ni nanodots becomes hemisphere-like with their average diameter reducing to 33 nm and density increasing to 9.1 × 10 10 cm −2 . With increasing RTA time, the Ni atoms obtain more thermal energy to complete their self-aggregation during longterm annealing. In this case, the Ni film only breaks into large strips and eventually self-congregates to larger nanoclusters without approaching a hemispherical shape. For example, the average diameter of Ni nanodots after annealing for 120 s enlarges to 40 nm with decreasing density of 6.7×10 9 cm −2 . In more detail, the size distribution of Ni nanodots on an SiO 2 film is mainly determined by SiO 2 film thickness, RTA temperature, RTA time and Ni thickness. The optimized RTA condition for Ni nanodot formation with highest density and smallest diameter is 850
• C for 22 s. The Ni nanodot masked samples prepared under such conditions are selected for subsequent dry-etching of Si nanopillars. In comparison with previous work [12] , the density of Ni nanodots (9.1 × 10 10 cm −2 ) is much higher than those previously reported (2.7 × 10 10 cm −2 ). The average diameter of 33 nm for the obtained Ni nanodots is far smaller than the previous record of 60 nm. Moreover, the uniformity of Ni nanodots obtained from our condition is clearly better than in previous works.
Effect of RF/DC power ratio on density and aspect ratio of Si nanopillars
The ICP-RIE pressure was controlled between 0.66 and 6.66 Pa to detune the etching rate for Si nanopillar formation on Ni nanodot masked SiO 2 /Si substrate. The chamber pressure is usually remaining below 0.66 Pa since high-pressure etching fails to form high-aspect-ratio Si nanopillars as the Ni nanodot mask is also etched out concurrently. By changing the RF and DC plasma powers, the shape and aspect ratio of the ICP-RIE Si nanopillars are monitored. Due to the tiny difference between vertical and side etching rates, the isotropic etching further erodes Si nanopillars to approach the smallest density and largest diameter, eventually forming a pyramid shape with large size after long etching duration. In figure 4(a) , Si nanopillars with a pyramid-like shape are obtained on sample A under an RF/DC power ratio of 3. Therefore, the RF/DC power ratio is decreased to <3 for obtaining straight Si nanopillars with increasing aspect ratio. As a result, the success in formatting Si nanopillars with a perpendicular sidewall at RF/DC ratio of 2 for sample B is shown in figure 4(b) . The density and diameter of Si nanopillars are 3 × 10 10 cm −2 and 29 nm, respectively. The appropriate RF/DC power ratio is mandatory to form Si nanopillars with sharp sidewall and large height. In contrast, the straight but short Si nanopillars formatted at an RF/DC power ratio of 1 for sample D is observed, as shown in figure 4(c). In this case, the ICP-RIE fails to balance the selective etching between Ni and Si, leading to the etching of the Ni nanodot mask.
The SEM analysis in figure 5 shows dramatic variation on diameter and density of Si nanopillars formatted under different RF/DC power ratios. Increasing RF/DC power ratio inevitably forms a long but sparse Si nanopillar, whereas the low RF/DC power ratio only leads to dense and short nanopillars. The optimized RF/DC power ratio of 2 is the most suitable condition for etching Si nanopillars with highest aspect ratio. Nonetheless, it is still required to detune the individual RF and DC powers but their ratio remains as constant, which helps to characterize the effect of the etching time on the variation of the height/diameter aspect ratio for Si nanopillars. In comparison with samples C and B with RF/DC powers increased from 100/50 W to 200/100 W at constant RF/DC power ratio, the average Si nanopillar diameter further shrinks from 44 to 29 nm, while the height is also decreased from 230 ± 20 to 150 ± 15 nm. High-plasma-power ICP-RIE is always detrimental to the long Si nanopillar formation. Note that the aforementioned ICP-RIE recipe is oxygen-free to avoid the oxygen-related defects of such O 2− , oxygen vacancy, weak oxygen bonds and non-bridged oxygen hole centers occurred in the Si matrix. The maximum aspect ratio of 5.1 obtained for Si nanopillar samples is relatively comparable with that reported by Homma et al (up to 7) [19] but less than the value reported by Kim et al (up to 12) [12] . Nonetheless, such a high-aspect-ratio dry-etching can be further improved by increasing the etching time at relatively low RF/DC powers. The Si nanopillar diameter can also be reduced to <20 nm by shrinking Ni nanodot size with shortened RTA duration.
Effect of Si nanopillar aspect ratio on surface reflectance and luminescence
Two kinds of Si nanopillar samples with different etching times (3 and 5 min for sample B and sample C) at the same RF/DC power ratio of 2 were selected to characterize their It is observed that the reflectance of Si nanopillars greatly decreases, but the wavelength-dependent reflectance further exhibits an opposite trend with that of Si wafers between 400 and 1100 nm. The reflectance with a corresponding refractive index of Si nanopillars on Si substrate reaches their minimum of 0.88% and <1.12, respectively, at 400-425 nm. In particular, the effective refractive index of Si nanopillars linearly rise with increasing wavelength at 425-900 nm, eventually approaching the refractive index of bulk Si. The index-wavelength slope n/ λ changes from 2.6 × 10 −3 to 3 × 10 −3 nm −1 as Si nanopillar height decreases from 230 ± 20 to 150 ± 15 nm, which is completely different in sign and magnitude from that of bulk Si. Two distinct reflectance peaks at 280 and 370 nm ever observed in bulk Si significantly attenuate after the formation of Si nanopillars with enlarging height. The TE-and TM-mode reflectance spectra of Si nanopillar samples also exhibit extraordinary features from each other at the vis wavelength region. The TE-mode reflectance of Si nanopillar sample is slightly lower than its TM-mode reflectance, which is unusual compared to the nature of the bulk Si at incident angles smaller than the Brewster angle. When increasing Si nanopillar height, such an anomalous phenomenon gradually extends from the vis to NIR wavelength region.
Recently, silica (SiO 2 ) nanorods with a height of 1.35 μm have been demonstrated to show an ultra-low refractive index of 1.08 [20] , using SiO 2 nanorods with both the gap spacing and diameter much smaller than the optical wavelength to minimize Rayleigh and Mie scattering. A similar antireflection phenomenon was also found on the micro-porous Si surface, revealing a reduced refractive index of 1.75-2.15 [21] . In our case, the refractive index of 1.12 at 435 nm and <2.0 at wavelengths below 900 nm is obtained for Si nanopillars with average height of 230 ± 20 nm. Another evidence to support the ultra-low refractive index of Si nanopillars is its greatly reduced reflectance at lower incident angles as compared to the unprocessed Si wafer [22] . The reflectance of an Si wafer at an incident angle of 35
• is significantly reduced from 36.43% to 0.88% after formatting Si nanopillars, corresponding to a change in refractive index from 4.91 to 1.12. To realize if such an anomalous reflection property of Si nanopillar results from its surface luminescence, the photoluminescence (PL) from Si nanopillars of different aspect ratios are characterized. The results shown in figure 7 indicate that the as-etched Si nanopillars exhibit weak PL at blue-green wavelength due to the surface-oxidation-induced oxygen defect (O 2− ) radiation with double consecutive PL peaks. The PL components in our sample prepared at the RF/DC power ratio of 2 for 3 min are very similar to those obtained by Nishikawa et al [23] and Bae et al [24] . The PL is decomposed by two Gaussian functions at 418 and 451 nm and have been attributed to the transition between the ground state and the elevated state of the NOV defects. In general, Si dangling bounds distributed over such a broad Si nanopillar surface can easily be passivated by oxygen to form a non-stoichiometric thin oxide film. Therefore, the blue PL is enhanced after dry-etching an Si wafer into Si nanopillars, which reveals unchanged central wavelengths and correlated proportionality with the aspect ratio of Si nanopillars.
Conclusions
By using the RTA-induced aggregation, a self-assembled Ni nanodot on the thin SiO 2 -covered Si substrate as a novel ICP-RIE mask for Si nanopillar formation was successfully demonstrated. The impact of this work is greatly shortening the annealing time to 20 s and increasing the density of Ni nanodots for dense Si nanopillar formation. The maximum density and diameter of Ni nanodots are 9.1 × 10 10 cm −2
and 37 nm, respectively, formatted under the optimum RTA condition of 850
• C for 22 s. The optimum ICP-RIE recipes for Si nanopillars with highest density and aspect ratio are under a chamber pressure of 0.66 Pa and RF/DC power ratio of 2. After ICP-RIE for 3 min, the obtained density, diameter and height of Si nanopillars are 3 × 10 10 cm −2 , 29 nm and 150 ± 15 nm, respectively. By increasing the etching time of 5 min, the height of Si nanopillars can be enlarged to 230 ± 15 nm at a reduction of the diameter and density to 44 nm and 1.3 × 10 10 cm −2 , respectively. The Si nanopillars with a highest aspect ratio of 5.1 causes a reflectance much lower than that of an Si wafer on account of its air/Si mixed structure and highly roughened surface, leading to an ultra-low reflectance and refractive index of 0.88% and 1.12, respectively, at 435 nm. Within the vis to NIR wavelength region (from 190 to 670 nm), the reflectance can be <10% with a corresponding refractive index of <1.80. In particular, the weak blue PL components are greatly enhanced after dry-etching an Si wafer into Si nanopillars with constant central wavelengths at 418 and 451 nm and correlated proportionality with the aspect ratio of the Si nanopillar due to surface-oxide-dependent radiative states. Nonetheless, the PL intensity only increases slightly with increasing Si nanopillar height, elucidating their irrelevance with the surface ultra-low reflectance. The anomalous ultra-low reflectance of the Si nanopillar has initiated a new research branch of nano-optics, which further motivates the development of Si nanomaterials which benefits from fully processing compatibility with Sibased photovoltaic solar cells.
